Prostasomes are human-specific lipid vesicles originating from the prostate and present in seminal plasma. They are involved in a number of biological functions such as sperm motility and immunomodulation by seminal plasma. The aim of our study was to investigate whether prostasomes play a role in the antioxidant status of seminal plasma. In cell suspensions obtained after elimination of seminal plasma by centrifugation, reactive oxygen species (ROS) as measured by luminol-enhanced chemiluminescence were mainly produced by polymorphonuclear neutrophils (PMN). The addition of prostasomes to these cell suspensions lowered the overall ROS production in the basal state and after stimulation with phorbol ester. This action could not be explained by a ROS-scavenging capacity of the prostasomes, as demonstrated by their inability to scavenge ROS produced by 2,2Ј-azobis-2-amidinopropane dihydrochloride. Using electron spin resonance, we could assess the influence of prostasomes on the plasma membranes of blood PMN and show that it was characterized by an increase in the correlation-relaxation time of the probe 16-doxyl-stearic acid inserted in the membranes. Thus, prostasomes caused a rigidification of blood PMN membranes. These results strongly suggest that the effect of prostasomes in semen could result from their interaction with PMN.
Introduction
Reactive oxygen species (ROS) are a major cause of idiopathic male infertility. An abnormally high production of ROS has been shown in 40% of semen samples from infertile patients, whereas none was found in samples from fertile donors (Iwasaki and Gagnon, 1992) . Human spermatozoa are very sensitive to oxidative stress, leading to the initiation of peroxidative damage. This sensitivity is due to the high content of unsaturated fatty acids in their plasma membranes and their small cytoplasmic volume, which limits their scavenging capacities (Alvarez and Storey, 1989) . The capacity of ROS to impair the functional activity of sperm cells probably has multiple origins: a decrease in vitality and kinetic activity of male gametes (DeLamirande and Gagnon, 1992; Aitken et al., 1993) and a loss of sperm-oocyte fusion ability (Aitken et al., 1989) . Paradoxically, spermatozoa require a slight intracellular production of superoxide anion (O 2 -°) to enhance the capacitation process and the acrosome reaction (DeLamirande and Gagnon, 1993; Griveau et al., 1995) . Controversy still exists regarding the origin of ROS in semen, but the white blood cells infiltrating the semen, particularly the polymorphonuclear neutrophils (PMN), appear to be the major source of ROS generation. Even if spermatozoa have been shown to produce ROS (Aitken and Clarkson, 1987; Alvarez et al., 1987; Fisher and Aitken, 1997) , this production remains low and could not have any significant deleterious consequence on their functions.
Seminal plasma (SP) constitutes the principal barrier against extracellular oxidative stress: it contains antioxidant molecules such as uric acid, vitamin C, taurine and hypotaurine, as well as enzymatic systems such as superoxide dismutase, catalase and the glutathione peroxidase/reductase pair (Smith et al., 1996) . Considering the ROS production and scavenging systems which exist, it appears that there must be a fine regulation of ROS quantities in human semen (Aitken and Fisher, 1994) . However, Aitken et al. (1995) showed that if the number of PMN is sufficiently high, the ROS produced by these cells could sometimes overwhelm the protective antioxidant function of SP, yet had no significant influence on sperm cell functions. Prostasomes are human-specific extracellular organelles secreted by the prostate into the SP and their precise physiological function is not completely understood (Fabiani, 1994) . They are mainly characterized by their particular structure and composition: lipid vesicles ranging in size from 30-500 nm, surrounded by a multilamellar membrane, and containing a high proportion of cholesterol and sphingomyelin, with a cholesterol to phospholipid molar ratio of~2:1 giving rise to a high ordering of their phospholipid bilayers (Arvidson et al., 1989) . Ronquist et al. (1990) have found that prostasomes interact with human spermatozoa, and recently, Arienti et al. (1997) showed that these vesicles could actually fuse with human spermatozoa at acidic pH. Furthermore, it has been shown that prostasomes have the ability to interact with blood PMN and reduce their capacity to produce O 2 -°a fter stimulation by 12-myristate, 13-acetate phorbol ester (PMA; Skibinski et al., 1992) . However, no mechanism has been proposed to explain such an interaction.
Taken together, these data suggest that prostasomes could play a role as an antioxidant factor in human SP. Thus, it was interesting to investigate ROS production by the cellular components of human semen, with a particular emphasis on the PMN, and to test whether prostasomes had an effect on this production. Experiments were then carried out to propose a hypothesis concerning the mechanism involved in the action of prostasomes on ROS production by PMN, by using blood PMN as a model.
Materials and methods

Sample collection
Semen samples were obtained from men referred to our laboratory for semen analysis. The ejaculates were collected by masturbation after 2-3 days of sexual abstinence and allowed to liquefy at 37°C for~30 min before use. Sperm concentration, vitality, motility, morphology and round cell count were assessed according to World Health Organization guidelines (WHO, 1992) . The characterization of PMN was done using the benzidin-cyanosin colouration technique, which yields brown-coloured PMN. To evaluate the influence of PMN on semen ROS generation, semen samples devoid of PMN and with various PMN concentrations (0.6-6.5ϫ10 6 /ml) were used.
Preparation and characterization of prostasomes
For the preparation of prostasomes, semen was used if it contained at least 20ϫ10 6 spermatozoa/ml, 50% motility, 75% vitality, 30% normal morphology, Ͻ5ϫ10 6 round cells/ml and Ͻ1ϫ10 6 PMN/ml. Prostasomes were obtained as described by Ronquist and Brody (1985) . Briefly, liquefied semen was centrifuged at 800 g for 20 min at room temperature, then the supernatant was collected and centrifuged again at 7000 g for 30 min at 4°C to eliminate all possible contaminating cells. The new supernatant was then centrifuged at 105 000 g for 2 h at 4°C. The pellet, containing prostasomes and amorphous material, was suspended in 0.9% NaCl and prostasomes were separated from amorphous material by chromatography on Sephadex G-200. Finally, prostasomes were harvested by centrifugation at 105 000 g for 2 h at 4°C, resuspended in Biggers-WhittenWhittingham (BWW) medium and stored at 4°C.
Prostasomes were characterized by measuring their lipid content. Total cholesterol and phospholipids were estimated after lipid extraction according to Folch et al. (1957) . The cholesterol:phospholipid molar ratio was 1.8 Ϯ 0.1 (mean Ϯ SEM, n ϭ 4 distinct prostasome preparations). In this study, the quantities of prostasomes used for experiments were expressed in terms of cholesterol (Sion et al., 1994) .
Preparation of blood PMN
The purification of PMN from whole blood collected in heparinlithium tubes was performed at room temperature. Blood (3 ml) was gently layered on top of a discontinuous two-phase Histopaque gradient (Sigma-Aldrich, Saint Quentin Fallavier, France). The lower phase density was 1.119 and the upper phase density was 1.077. After allowing 20-30 min of sedimentation, the samples were centrifuged at 500 g for 30 min, with a minimum acceleration and no brake. The layer of PMN, located at the interface of the two density fractions, was collected with a needle and washed with 6-10 ml of Hank's balanced salt solution buffer (HBSS, Sigma). PMN were recovered by centrifugation at 500 g for 10 min. To lyse the red blood cells contaminating the cell preparation, 5 ml of cold 0.2% 668 NaCl was added, the mixture was vortexed for 20 s and 5 ml of phosphate-buffered saline (PBS) was added. After centrifugation at 500 g for 10 min, PMN were resuspended at the concentration required for the following assays. PMN viability determined by Trypan Blue exclusion was Ͼ95%.
Determination of ROS production
Semen (0.5-2 ml) was diluted with 10 ml of BWW and centrifuged at 500 g for 15 min at room temperature. The supernatant was discarded and the pellet was resuspended in BWW at a concentration of 10ϫ10 6 spermatozoa/ml. The cell suspension thus obtained was essentially composed of spermatozoa and PMN, and contamination by other cellular types was Ͻ5%.
ROS were monitored by chemiluminescence using 5-amino-2,3-dihydro-1,4 phthalazinedione (Luminol; Sigma) as the probe: 4 µl of luminol, stored at 4°C in a 25 mM stock solution in dimethyl sulfoxide, and 8 IU of horseradish peroxidase (HRP Type VI, 318 IU/mg; Sigma) were added to the cell suspension with or without prostasomes (equivalent of 130 µM cholesterol) in a final volume of 400 µl. Once a basal-state signal was established (~5 min), the cells were stimulated by 100 nM 4β-phorbol-12-myristate-13-acetate (PMA; Sigma) and monitored for the following 30 min. The chemiluminescent signal was measured at a chamber temperature of 37°C on a Bio-Orbit 1251 luminometer (Kontron, Paris, France). The areas under the curves were calculated before and after the administration of PMA and expressed in mV/s.
The capacity of a sample to scavenge ROS was quantified according to the protocol of Smith et al. (1996) . 100 µl of a solution containing 100 mM of 2,2Ј-azobis-2-amidinopropane dihydrochloride (ABAP; Interchim, Montluçon, France) and 4 µl of luminol were incubated in 0.1 M glycine buffer, pH ϭ 8.6 in a final volume of 950 µl until a steady luminescence signal was obtained. Then 50 µl samples (SP, SP devoid of prostasomes and suspension of prostasomes) diluted 1:20 in glycine buffer were added to test their scavenging capacity which was assessed by a sharp decrease in the signal intensity.
Evolution of blood PMN membranes in contact with prostasomes Blood PMN were used as a model in this study. The interaction between prostasomes and PMN was evaluated using electron spin resonance (ESR), which allowed measurements of parameters describing order and molecular dynamics in biological membranes (Figure 1) .
ESR allows the mobility measurement of reporter molecules embedded in the membranes. The molecules used were spin labels containing a nitroxide group that was positioned either on carbon 5 or on carbon 16 of a stearic acid, respectively named 5-doxyl-stearic acid (5NS), and 16-doxyl-stearic acid (16NS). The samples were spin-labelled with the two above probes at concentrations which remained under 1/500 for the probe:phospholipid ratio, in order to prevent any artefactual modification of the membrane structure.
The line width and height depend on the molecular tumbling and the orientation of the nitroxide group with respect to the external magnetic field (Shindler and Seelig, 1973) . For the 5NS probe, the average distribution of the molecular orientation defined S, the molecular degree of order which was calculated from ESR spectra according to Hubbell and McConnell (1971) :
where T// and T⊥ are the two hyperfine tensors (expressed in Gauss) measured from the 5NS spectrum as indicated in Figure 1 , and aЈ n ϭ 1/3 (T// ϩ 2T⊥).
With the 16NS probe, the correlation-relaxation time (Tc) was calculated from the Keith relation (Keith et al., 1973) : Figure 1 . Electron spin resonance (ESR) spectra examples obtained from blood polymorphonuclear neutrophils (PMN) and calculation requirements for (A) 5-doxyl-stearic acid (5NS) and (B) 16-doxylstearic acid (16NS). The order parameter S can be estimated from the 5NS spectrum and the correlation-relaxation time (Tc) from the 16NS spectrum (see 'Materials and methods' for calculation formulas).
where W 0 refers to the main line width and h 0 , h -1 and h ϩ1 to the height of respectively the main line and the two secondary lines of the spectrum (Figure 1) . The higher correlation-relaxation time corresponds to restricted movements of the probe in its environment and vice versa (Hubbell and McConnell, 1969) .
All spectra were recorded at room temperature with a 'Bruker ECS 106' spectrometer with the following settings: modulation amplitude ϭ 16, microwave power ϭ 63 mV, frequency ϭ 9.82 Ghz, scan range ϭ 60 G. An ESR spectrum was the result of five accumulated scans.
The 5NS and 16NS probes at the concentrations used were spontaneously, totally, and irreversibly incorporated into the plasma membrane of the living cells present in the milieu. It was thus possible to follow the time course evolution of a compartment's characteristics (the plasma membrane of blood PMN) in different experimental conditions, that is in the presence or absence of prostasomes.
4 µl of 5NS (10 -3 M in dimethyl sulphoxide) was added to 8ϫ10 6 blood PMN diluted in 400 µl of HBSS buffer. After verifying that all the probe was incorporated into the cells, prostasomes (130 µM of cholesterol equivalent) were added to the mixture, and the tubes were kept at 37°C during the experiment. The evolution of the order parameter S was then monitored for 60 min with a measurement taken each 15 min by transferring aliquots of the samples in two glass capillary tubes which were sealed and placed together in the ESR cavity resonance of the spectrometer. To appreciate the specific effect of prostasomes, the results were compared to reference values obtained from PMN incubated without prostasomes. To measure the correlation-relaxation time with the 16NS probe, a similar protocol was applied except that 4ϫ10 6 PMN instead of 8ϫ10 6 were used. This difference was due to a superior incorporation of this probe in the cell membranes and to a better ratio of probe quantity:signal than with the 5NS probe. For the samples containing prostasomes, the values at time 0 (t ϭ 0) were determined immediately after their addition to the mixture.
Statistical analysis
The Spearman's correlation rank test was used to compare the ROS production with and without prostasomes in individual samples containing different concentrations of PMN (n ϭ 10). For the evolution of ESR parameters upon the PMN and the effects of prostasomes, the Mann-Whitney U test was performed (n ϭ 4). A P value Ͻ 0.05 was considered to be significant.
Results
ROS production by cellular components of semen
Experiments were carried out using six semen samples devoid of PMN and 10 semen samples containing variable amounts of PMN (from 0.6ϫ10 6 /ml to 6.5ϫ10 6 /ml; see Table I ). In the absence of PMN, production of ROS was low both in the basal state and after stimulation with PMA. However, after the addition of PMA in these samples, ROS production increased significantly in comparison with the basal state. In all the cases, ROS production increased with the amount of PMN and, after stimulation with PMA, the levels were higher than in the basal state. In samples containing only spermatozoa, the presence of prostasomes in the medium did not significantly influence the production of ROS in either the basal or stimulated states. In all the samples containing PMN, prostasomes reduced (P Ͻ 0.05) the level of ROS produced by the cells. The inhibitory effect of the protasomes is greater (P Ͻ 0.05) in the stimulated state than in the basal one as indicated by the percentage of inhibition (26.0 Ϯ 3.0 versus 13.0 Ϯ 2.7, mean Ϯ SEM respectively).
These results suggest that prostasomes are potential candidates for an antioxidant capacity in human SP.
The ability of prostasomes to scavenge ROS
To determine whether prostasomes act as ROS scavengers, the effect of a suspension of prostasomes on the kinetics of luminescence intensity of a solution containing ABAP and luminol was compared to the kinetics obtained with either SP or SP devoid of prostasomes (Figure 2 ). Luminescence intensity rapidly reached a maximum value when luminol was added to the solution of ABAP. The steady state luminescence intensity was suddenly quenched by SP or SP devoid of prostasomes. In contrast, prostasomes alone had no effect on the luminescence signal. Thus, prostasomes do not directly act as ROS scavengers. Another hypothesis to explain the antioxidant capacity of protasomes is that they interact with the ROS producing cells, especially the PMN.
Influence of prostasomes on the membranes of blood PMN
After the addition of prostasomes in the medium, the S value of PMN was increased at 15 min (P Ͻ 0.05). Then, from 30-60 min, the order parameter S of PMN incubated with prostasomes was not different from the corresponding S value of PMN incubated without prostasomes (Figure 3) .
The correlation-relaxation time of the 16NS probe was immediately increased after the addition of prostasomes (P Ͻ 0.05); this increase was maintained for the whole experimental period (60 min). The correlation-relaxation time of PMN incubated without prostasomes remained constant over the same period of time (Figure 4) .
These results indicate that prostasomes provoke a rigidification of the plasma membrane of blood PMN. Time-course evolution of the order parameter S of the plasma membranes of blood polymorphonuclear neutrophils (PMN) in a medium with or without prostasomes (130 µM of cholesterol equivalent). S was measured using electron spin resonance (ESR) with the 5-doxyl-stearic acid (5NS) probe. Before adding the prostasomes, S had a similar value in the two aliquots of PMN. See 'Materials and methods' for the determination of S at t ϭ 0. Each value is the mean Ϯ SEM of four independent assays. *P Ͻ 0.05 compared with the corresponding reference value.
Discussion
The origin of ROS production in human semen continues to be a source of controversy. Originally, it was believed that spermatozoa were the major source of ROS (Aitken and Clarkson, 1987; Alvarez et al., 1987) . Then it was found that PMN which can be present in the ejaculates could be another major source (Aitken and West, 1990) . We have observed that when PMN were present in the samples, the production of ROS was higher than in the sperm suspensions without PMN, both in the stimulated and non-stimulated states. However, the relationship between the concentration of PMN and ROS production was not linear, indicating the importance of intersample variation, as mentioned by Aitken and West (1990) . Previously, Kovalski et al. (1992) and Plante et al. (1994) showed a linear relationship between ROS production and the concentration of PMN but these authors used a particular experimental procedure where they added activated blood PMN to sperm cell suspensions obtained by selection on Figure 4 . Time-course evolution of the membrane dynamic (Tc) of blood polymorphonuclear neutrophils (PMN) in a medium with or without prostasomes (130 µM of cholesterol equivalent). The correlation-relaxation time (Tc) was measured using electron spin resonance (ESR) with the 16-doxyl-stearic acid (16NS) probe. Before adding the prostasomes, the correlation-relaxation time had a similar value in the two PMN aliquots. See 'Materials and methods' for the determination of Tc at t ϭ 0. Each value is the mean Ϯ SEM of four independent assays. *P Ͻ 0.05 compared with the corresponding reference value.
Percoll gradients. The advantage of our protocol is that, unlike most studies, ROS production was measured from cells which had been isolated from SP but not selected on a Percoll gradient and were, therefore, representative of the cell population in total semen. Furthermore, only one centrifugation step was used instead of the usual three-step method, thus limiting the centrifugation-enhanced ROS production demonstrated by Aitken and Clarkson (1988) .
Our results clearly demonstrate for the first time that prostasomes purified from normal human semen have the ability to reduce ROS production by sperm preparations containing PMN. The presence of protasomes in the milieu was not sufficient to quench a ROS-dependent luminescent signal which was efficiently quenched by normal seminal plasma or seminal plasma devoid of prostasomes. Meanwhile, the high scavenging capacities of seminal plasma were verified. Thus, the inhibitory effect of prostasomes on ROS production by seminal PMN probably involves an interaction between these two components, since prostasomes do not directly act as ROS scavengers. The finding by Peeker et al. (1997) that the prostasome fraction of human seminal plasma, obtained by size exclusion chromatography, does not have any superoxide dismutase activity further supports this result. Previously, Skibinski et al. (1992) showed an immunosuppressive activity of prostasomes on blood PMN with an inhibition of the generation of the superoxide anion. This inhibitory effect was maintained after a 3 min boiling step prior to the assay, suggesting that prostasome-linked enzymes were not involved. This, together with the particular structure and composition of prostasomes, allowed us to establish a membrane-based hypothesis regarding the mechanism involved in the inhibition of ROS production by PMN.
The ESR method was used to test this hypothesis and permitted us to show a rigidification of the plasma membrane of blood PMN incubated with prostasomes. The effect of prostasomes appears significantly more efficient and durable on the correlation-relaxation time of the membranes than on the order parameter. This is not surprising because the molecular interactions involved are distinctly different between the centre part of the bilayer where the interactions could be highly modulated by molecular exchanges, and the surface where the cohesion forces were initially high and could hardly be changed. The rigidification of the PMN plasma membrane when prostasomes were present could be explained by several hypotheses. On the one hand, this rigidification could be due to a fusion process occurring between prostasomes and PMN, and this is supported by the fact that prostasomes have the ability to fuse with human spermatozoa in experimental conditions including an acidic pH (Arienti et al., 1997) . On the other hand, prostasomes could exchange rigidifying molecules with the PMN membrane, e.g. cholesterol and sphingomyelin which are two major components of prostasomes and well-known rigidifying agents of biological membranes. Recently, an exchange of cholesterol from prostasomes to spermatozoa has also been proposed as a mechanism influencing sperm physiology by modifying its membrane cholesterol:phospholipid ratio (Cross and Mahasreshti, 1997) . Indeed, both fusion and exchange phenomena could be involved in the capacity of prostasomes to reduce ROS production by blood PMN.
It has been demonstrated that seminal PMN have deleterious effects on the functions of spermatozoa (Aitken, 1997) because they can induce lipoperoxidative damage on the polyunsaturated fatty acids of the plasma membrane (Lenzi et al., 1996; Storey, 1997) . In this view, the protection of sperm cells against oxidative stress is a key issue in the preparation of spermatozoa for assisted reproduction techniques (ART) (Mortimer, 1991) . In absence of SP, and especially of prostasomes, the contact between spermatozoa and PMN should, therefore, be avoided.
In summary, this is the first evidence of prostasomes reducing ROS production in human semen. Our results obtained with blood PMN strongly suggest that the effect of prostasomes would result from their interaction with PMN present in semen and could set the basis for a new approach to the protection of spermatozoa from oxidative stress during preparation for ART. In human semen, prostasomes may play a protective role in sperm function, especially in cases of leukocytospermia.
